A simple attitude control system for a balloon experiment has been developed. This system aims to achieve an accuracy of 0.1 deg in azimuth for a small payload with a diameter of 1.5 m and a moment of inertia of 100 kg·m 2 . It will be first flown with the Polarimetry for High ENErgy X-rays (PHENEX) experiment, which is to observe the polarization of astronomical objects in the hard X-ray energy region. The system is composed of the attitude sensors (sun sensors, geomagnetic aspect sensors, and an optical fiber gyro), read-out modules, CPU, output modules (PC104 based boards), and actuators (a torsion relief motor and a reaction wheel motor with their drivers). In this paper, after introducing these modules, the properties of the sensors and the control system based on the ground will be reviewed.
Introduction
To perform an astronomical observation using a balloon, it is necessary to equip the payload with an attitude control system (ACS), which enables the telescope to point at an astronomical target. To support these observations, an ISAS/JAXA balloon group has been engaged in the development of an attitude control system 1, 2) . However, since these old systems consist of analog electric circuits, it is difficult to support a star tracking mode, though they have merits in robustness and low power consumption. Keeping these merits, the team started to develop a simple attitude control system with a CPU supporting a star tracking mode for entry users with balloon experiments. This system aims to achieve an accuracy of 0.1 deg in azimuth for a small payload with a diameter of 1.5 m and a moment of inertia of 100 kg·m 2 . It is also well known that many balloon borne experiments have achieved higher attitude control accuracies for a few seconds (e.g. HEFT 3) , PRONAOS 4) , and FITE 5) ). Comparing these systems, this new system has following characteristics:
• To achieve the accuracy of 0.1 deg, it is still allowed to ignore the pendulum motion and the deformation of the structure due to gravity and temperature, which have the typical amplitude less than 0.1 deg. In addition, the required accuracy of the attitude sensor is not severe. These enable the system to concentrate on the rotation control around the vertical axis with simple attitude sensors.
• Since the expected size of the gondola is around one order of magnitude smaller, the size of the actuators and the power consumption can be smaller.
• As a result, the system is smaller, lighter, and has lower power consumption, and it is achieved at a reasonable cost to make the initial cost affordable for an entry balloon user. On the other hand, the accuracy is limited to 0.1 deg and the applicable size of the gondola is limited.
In this system, the pointing direction is controlled by the altazimuth method, controlling the elevation of the detector with a DC motor, and controlling the azimuth with a reaction wheel powered by a DC motor and a torsion relief DC motor. The reaction wheel is mainly used to control the direction of the gondola by changing the torque of the rotation wheel. The velocity of the torsion relief motor is controlled so as not to saturate the wheel rotation during the unloading operation. The equation of the motion and the control can be described as follows:
Here, I G and I W are momenta of inertia of the gondola, and the reaction wheel, η, θ and φ are the direction of the motor, the gondola, and the wheel, N is the torque between the gondola and the wheel, k is the twist constant, η 0 is the direction of the balloon,φ 0 is the biased angular velocity of the wheel, and A, B, C and D are the control parameters. The system was integrated on-board the PHENEX experiment, which is designed to observe the polarization of astronomical objects in the hard X-ray energy region (40-200 keV) with the field of view of 4.8 degree FWHM 2. System Configuration 2.1. Control hardware Fig. 1 shows a photograph of the PHENEX gondola with the ACS. The gondola size is 1.4 m × 1.3m × 2.2 m, weighs 350 kg, and it has the moment of inertia of 82 kgcdotm 2 . The torsion relief motor is located at the top. The gondola is a double-decker, connecting two gondolas. The upper gondola is prepared by the payload instrument team and is equipped with the detector and its related system. The lower gondola is occupied with the ACS and house keeping devices. One can control the direction of any PI's gondola by connecting the torsion relief motor and the lower gondola. Fig. 2 shows the block diagram of the ACS hardware. It consists of sensors with some amplifiers, data acquisition modules, control signal generators, and the actuators with their drivers.
Sensors
For the measurement of the direction of the gondola, the following sensors were developed : sun sensor with charge coupled devices (CCDs), sun sensor with a position sensitive detector (PSD), geomagnetic aspect sensor, and Gyro. The taco generator attached on the motor for the wheel was also used to measure its angular velocity. The GPS receiver is for the determination of the location.
CCD sun sensor
The CCD sun sensor consists of two orthogonally located one-dimensional CCDs (ILX751B, Sony Co. Ltd.) with corresponding slits (20-30 µm Ni plate with 50 µm slit, Koken Chemical Co. LTD). One CCD is for the azimuth and the other is for the elevation to determine the direction of the sun with an accuracy of 0.1 degree. It has the field of view of ±26.5 degree. The CCD has 2048 pixels with a size of 14 µm × 14 µm. To avoid background sky light and saturation, a ND filter (Sigma Koki Co. Ltd.) with a transmission of 0.1 % and a green filter (Sigma Koki Co. LTD) was used. The CCD is controlled by a CPU with the ARM processor (Armadillo-9, Atmark Techno, Ltd.), a programmable CPLD board (MPC104-512, Enbeded Technology, Ltd.), and a 14 bit ADC board (ADM614, Micro Science, Ltd.) of the PC104 standard. The power consumption is 6 W. These boards and the CCDs are filled in a cylinder vessel with a diameter of 170 mm and the height of 160 mm.
The operation cycle is as follows. First, the ADC reads the input voltage, the environment temperature, and the inner pressure. Second, the control signal of the CCD is fed from the CPLD board to the CCD and the output signal from the CCD is read by the ADC. This operation is repeated three times changing the length of the exposure window of 32 msec, 128 msec, and 512 msec. Third, the CPU calculates the location of the sun using appropriate exposure data. Finally, the result is output from the RS232C port with a baud rate of 9600 bps once a second and is also stored on-board in USB memory of 4 Gbyte. Fig. 3 shows the voltages of pixels of the three exposure windows. The peak corresponds to the sun direction with a FWHM of 15 pixels. The longest exposure data in Fig. 3 shows saturation, which is not good for the determination of the center. At that time, the on-board program chooses the middle exposure data for the calculation.
PSD sun sensor
The PSD sun sensor consists of two-dimensional position sensitive detector (S1880, Hamamatsu Photonics K.K.) with a pin hole of 0.5 mm in diameter and a RG695 filter. It is read by the read out module C4674, which outputs horizontal and vertical position and luminosity by analog voltages. Since the detector has an effective area of 12 mm × 12 mm and the distance between the detector and the pin hole is 8.75 mm, it has the field of view of ± 30 degree in both azimuth and elevation.
Geomagnetic aspect sensor
Two magnetic sensors (MI-CB-1DL, Aichi Steel Co. Ltd.) are orthogonally attached. The sensor has the gain of 0.5 V/Gauss and read by the ADC after being amplified by 4.3. Gyro An optical fiber gyro (JG-35FD, Japan Aviation Electronics Industry, Ltd.) is equipped to measure the azimuth and its derivative of the gondola. It has the resolution of 0.01 deg for the angle and 0.01 deg/sec for the angular velocity and its bias stability is less than 3 deg/hour.
Elevation potentiometer
To measure the elevation of the detector, a potentiometer (CPP-60, Midori precisions co. LTD) is equipped on the elevation rotation axis. The voltage of 5 V is fed and its output is read by the ADC after being amplified by 4.3.
Taco generator
A taco generator (T0, Sawamura denki industrial, Ltd.) is attached on the motor for the reaction wheel. It has the gain of 3 V/1000 rpm. The signal is read by the ADC after a low pass filter with a cut off frequency of 20 Hz. GPS A GPS receiver (GN79, Furuno Electric Co. Ltd.) was used.
Data acquisition and signal output
The data acquisition and signal output modules are in the PC104 standard as shown in figure 4 . It consists of a CPU (Armadillo, Atmark Techno Ltd.), a 12-bit ADC board (ADM612, Micro Science Ltd.), a 12-bit DAC board (QDA724, Micro Science Ltd.), and two programmable CPLD boards (MPC104-512, Enbeded Technology, Ltd). The power consumption in total is 6 W (7V × 0.8 A). The ADC is used to read signals from the geomagnetic aspect sensor, the PSD sun sensor, the elevation potentiometer and the taco generator of the motor for the reaction wheel. It is triggered by an external clock with a frequency of 16 Hz, generated by the CPLD board. The DAC is used to control the torsion relief motor and the reaction wheel motor. The CPLD board is used to read the RS232C signal from the GPS, the CCD sun sensor, and the serial command. It is also used to output the telemetry, to generate pulses for the elevation motor driver, and to generate the trigger clock for the ADC. These modules are covered by a cylindrical vessel with a diameter of 170 mm and the height of 160 mm. 
Actuators
The azimuth is controlled by the reaction wheel motor and the torsion relief motor. The elevation is controlled by a DC motor.
Reaction wheel
The reaction wheel was made of four crossed 30 cm bars with 1 kg weights at their top (moment of inertia of 0.36 kgcotm 2 ) and rotated by a 40 W DC motor with a gear (ratio of 1:25) (SS40E4-T0-L1-25, Sawamura Denki Industrial, Ltd.). It has a torque constant of 0.037 N·m/A. It is driven by a current amplifier with a gain of 0.2 A/V, which makes the torque control possible.
Torsion relief motor
For the torsion relief motor, a 37 W DC motor with a gear (ratio of 1:1090) and an optical encoder (35NT2R32-228E+R32.0+E9, Portescap Danaher Motion) was used. It is driven by a compact digital servo driver (Tweeter, Elmo Motion Control Ltd.) operated in the velocity control mode with a gain of 2.64 deg/sec/V.
Elevation motor
A 37 W DC motor (28DT12-219P-R32-792, Portescap Danaher Motion) was used. It was driven by pulses with voltages of 12 V or −12 V and pulse width of 100 msec. Fig. 2 shows the block diagram of the ACS software. It consists of 9 programs communicating each other with 6 shared memories and 1 NOVA buffer, which is a buffer with priority. The loose coupling of the program is to avoid stopping all programs with a failure of a single sensor. Five data acquisition programs at the left side read the corresponding input port (ADC or RS232C) and put the result on the corresponding shared memory. The main control program at the center reads the shared memories if the ADC data from the adm612 shared memory is revised and outputs control signal to the actuators and outputs status on the NOVA buffer. Output programs at the right side read the NOVA buffer and output on the screen (this function is for debugging), store data in the onboard Compact Flash memory, and output as the telemetry. Since the adm612 shared memory is revised once a second, the control and output cycle is also once a second. The CPU performs the following sequentially once per cycle. 1. Wait until the new data flag in the adm612 shared memory becomes on. 2. Read the other shared memories. 3. Calculate the direction of the astronomical target in horizontal coordinates based on the time (from the CPU), the location (from the GPS or the command), and the target location in the equatorial coordinates (from the command). 4. Calculate the azimuths and its derivatives of the detector and the wheel based on the measurement by the CCD sun sensor, the PSD sun sensor, the geomagnetic aspect sensor, the gyro, and the taco generator of the wheel motor. The measured values are averaged with weights, which can be set by commands. Usually, the CCD sun sensor is used for the azimuth, and the gyro for its derivative. 5. Send control signal for the torsion relief motor and the reaction wheel motor drivers derived from the equation of the control substituting the azimuth of the target, the azimuth of the gondola and its derivative, and the angular velocity of the wheel. 6. Calculate the elevation of the detector from the elevation potentiometer. 7. Send control signal for the elevation motor driver.
Control software

Current Status
The system will be first flown with the PHENEX gondola scheduled to be launched in early June, 2009. Figure 6 shows an example of the step response of a 50 degree rotation. The top panel shows the azimuth of a target by a line, and that of the gondola by crosses, and the bottom shows their difference. It takes 100 seconds for the gondola to rotate close to the target, but a small oscillation with an amplitude of 0.5 degree remains even after 700 sec. Figure 7 shows the result of a sun tacking test at noon, June 1, 2009 at Taiki Aerospace Research Field in Hokkaido, Japan. It was the time of the meridian passage which requires fastest rotation. The detector can follow the sun with an accuracy of 0.3 degree, against a breeze. During the tracking, the optical alignment of the detector was also calibrated. 
Conclusion
We have established a simple attitude control system for entry users using PC104 based control modules with compact sensors and actuators with low power consumption.
